We report on continuous-wave and time-resolved fluorescence spectroscopy studies of CdTe water-soluble nanocrystals at room temperature. For nanocrystals spread directly on the substrate we observe large variation both in fluorescence maximum energy and fluorescence lifetime. We attribute this to the influence of the surface of the nanocrystals on the stability of excitations in the nanocrystals. As the fluorescence lifetime of the nanocrystals is monitored, we find it increases with time from 6 to 18 ns and then saturates. Placing the nanocrystals in a polymer matrix remarkably improves the photostability and all the above-mentioned effects are diminished. Upon mixing the nanocrystals with gold spherical nanoparticles we observe a decrease of the fluorescence intensity due to efficient energy transfer to the nanoparticles. 
Introduction
Semiconductor nanocrystals, although being a subject of intense research for almost twenty years [1] , still provide inspiration for many research fields, including biomedical imaging [2] , photovoltaics [3] , and biosensors [4] . In particular, the ability to couple semiconductor nanocrystals to other nanostructures, thus forming hybrid nanostructures, has opened many possibilities to investigate basic photophysical properties of these systems [5, 6] . As one of the most fascinating examples, nanocrystals can be coupled to metallic nanoparticles exhibiting surface plasmon resonances. Due to local enhancement of the electromagnetic field caused by the plasmon resonance, the optical properties of the nanocrystals can be effectively tuned. Fluorescence enhancement has been observed due to an increase of the radiative recombination rate [7] , as well as fluorescence quenching due to non-radiative energy transfer from the nanocrystal to the metallic nanoparticle [8] .
On the other hand, due to a remarkably high surface to volume ratio, the optical properties of semiconductor nanocrystals are quite sensitive to their surroundings. Experiments carried out on individual nanocrystals have revealed that the emission may feature spectral blinking [9] , probably as a result of spontaneous occupation of the surface states that act as effective non-radiative recombination centers. In spite of many attempts to coherently describe this effect, which has been observed for many material combinations, thorough understanding is still lacking. Recently it has been reported that the quantum yield of semiconductor nanocrystals strongly depends upon the atmosphere and humidity the nanocrystals are exposed to [10] .
In this work we carry out spectroscopic measurements on water-soluble CdTe nanocrystals. The focus of this contribution is twofold. First, we compare fluorescence properties for the nanocrystals deposited directly on a glass substrate with the ones embedded in a polymer matrix. We find that using the polymer significantly improves the photostability of the nanocrystals: the fluorescence decay time is independent of the time and very homogeneous across the sample. Next we study the influence of spherical gold nanoparticles on the fluorescence of the CdTe nanocrystals. Spherical nanoparticles are characterized by the plasmon resonance, which overlaps with the emission spectrum of the nanocrystals. By increasing the concentration of gold nanoparticles in the solution we quench the fluorescence of a higher percentage of the nanocrystals. We believe that a large overlap between the plasmon resonance of the metallic nanoparticles and fluorescence emission of the nanocrystals facilitates the non-radiative energy transfer responsible for the fluorescence quenching.
Materials and methods
Semiconductor CdTe nanocrystals were synthesized using the approach published in [11] . We added, whilst constantly stirring, 5.7 mmol of the thioglycolic acid stabilizer to the 0.985 g (2.35 mmol) of Cd(ClO 4 ) 2 ×6H 2 O dissolved in 125 ml of water. Afterwards, the pH was adjusted to 11.4 by a dropwise addition of freshly prepared 1 M solution of NaOH. The solution was placed in a three-necked flask and deaerated by N 2 bubbling for 30 minutes. H 2 Te gas generation was triggered by an addition of 15 mL of 0. Gold nanospheres were synthesized by reducing chloroauric acid HAuCL 4 with sodium citrate [12] . Here, citrate is playing the role of both reducing and capping agent. The size of the nanospheres can be controlled by addition of a certain amount of reducing agent. We added 1 ml 0.05 M solution of HAuCl 4 and 5 ml of 1% sodium citrate to 100 ml of boiling pure water. The mixture then changed from colourless through black to pink. In order to isolate the nanoparticles the reaction solution was centrifuged at 6000 rpm for 55 min. The precipitate was then dissolved in pure water. Scanning electron microscopy studies revealed that the obtained nanoparticles are about 15 nm in diameter. The concentration of Au nanoparticles was equal to 4 * 10 −9 mol/dm 3 .
The optical properties of CdTe nanocrystals, Au nanoparticles, and mixtures thereof were investigated with UV-Vis absorption spectroscopy, fluorescence spectroscopy and time-resolved fluorescence. Absorption spectra were measured at room temperature, using quartz cuvette with a 1 cm optical path in range 350-1100 nm. Fluorescence and fluorescence excitation spectra of the solutions were measured using Fluorolog 3 spectrofluorimeter (Yobin-Ivon) equipped with a photomultiplier detector and a Xenon lamp coupled to a double monochromator for the excitation.
Samples in a layered configuration for investigating the stability of CdTe nanocrystals were prepared by depositing 20 µL of solution onto a clean glass coverslip. Alternatively, solutions of the nanocrystals in PVA polymer matrix were spin-coated over the course of a minute onto a glass substrate rotating at 4500 rpm. In this way uniform layers were formed. A similar approach was applied to prepare layers containing CdTe nanocrystals and Au nanoparticles. Such fabricated samples were investigated using fluorescence spectroscopy and time-resolved fluorescence. For excitation we used a laser with wavelength of 405 nm that can be operated in either continuous-wave or pulsed mode with 20 MHz repetition rate. The excitation power was 500 µW and the focal spot was about 100 µm in diameter. Detection was carried out with a Shamrock 500 monochromator (Andor) coupled with a CCD detector (iDus 420, Andor). The spectral resolution of the detection setup was better than 1 nm in this spectral range. In order to extract the fluorescence of nanocrystals we used FD1Y longpass filter (Thorlabs). Fluorescence decays were collected using a Becker & Hickl SPC-150 time-correlated single photon counting card with a fast photodiode detector (idQuantique id100-50). For these measurements a set of filters comprising of FD1Y longpass and HQ550/40 (Chroma) bandpass were used. The temporal resolution of the setup was about 100 ps.
Results and discussion
In Fig. 1a we show the fluorescence and fluorescence excitation spectra of CdTe nanocrystal solutions diluted in water. The emission features a maximum at 558 nm, with corresponding peaks observed in the excitation and absorption spectra. These suggest the nanocrystals are of good quality and quite homogenous with respect to their size. The absorption measured for the nanocrystals is compared with the one measured for Au nanoparticles in Fig. 1b . As can be seen, the maximum absorption of the nanoparticles, which corresponds to plasmon excitation, overlaps very well with the ground state absorption of the nanocrystals. Such a correspondence may play an important role in determining the optical properties of samples, where both nanostructures are mixed together.
Photostability of CdTe nanocrystals
The first aspect we would like to discuss in this work concerns the photostability of CdTe nanocrystals and its dependence upon the way the sample is prepared. Recently it has been shown that humidity of the CdSe nanocrystal surroundings can dramatically change their fluorescence [10] .
In order to compare the fluorescence properties of CdTe nanocrystals we prepared two samples: one deposited directly from the solution onto a clean glass coverslip, and the second one spin-coated in PVA polymer matrix. In Fig. 2a we show fluorescence spectra measured for CdTe nanocrystals deposited onto a glass coverslip taken from ten different spots. The spectra are normalized to the maximum of the emission. This stems from the fact that it is expected that such a procedure of sample preparation should result in substantial fluctuations of nanocrystal concentration, which inhibits comparison of fluorescence intensities obtained at different spots. For the sake of straightforward comparison we shifted the fluorescence spectra to the mean wavelength obtained through averaging. In addition, in Fig. 2b corresponding fluorescence decay curves are displayed. An immediate indication that depositing CdTe nanocrystals onto a glass substrate influences their optical properties comes from an almost 20 nm large red-shift of an average fluorescence emission as compared to the emission measured in a solution (Fig. 1) . Moreover, the maximum emission wavelength is not constant when measured in different spots on the sample: as can be seen in Fig. 2a , the spread of obtained values reaches 20 nm. This result suggests that in addition to systematic modification of the surroundings of CdTe nanocrystals caused by depositing the sample onto the glass surface, the optical properties exhibit significant additional random variations of fluorescence. This observation is further corroborated by the results of fluorescence decays. Similarly to the fluorescence spectra, we observe large variations in the time dependence of fluorescence emission. Precise analysis of fluorescence decays is beyond the scope of this manuscript, but what we would like to point out is that in order to reconstruct the decays three decay constants are required. The traces shown in Fig. 2b suggest that major variation in observed behaviour takes place during the first nanoseconds, and later the slope of the decay curves is in most cases similar. We note that no apparent correlation between the maximum of fluorescence emission and the fluorescence decay time was observed; both quantities change somewhat randomly. Additional information about photostability of CdTe nanocrystals can be obtained from collecting decay traces at a constant time interval. The result of such an experiment where fluorescence decay curves were measured every 2 minutes is depicted in Fig. 3a . At the beginning, we observe very fast decay (∼ 1 ns) followed with a longer one (∼ 10 ns). As a function of time the longer time remains almost unchanged, while the faster one is getting longer. In order to quantify this behaviour we extracted the time, after which the fluorescence intensity drops by an order of magnitude. The dependence plotted in Fig. 3b reveals a significant increase in the time required for the fluorescence intensity to drop by a factor of 10: from 5 ns up to 16 ns at the termination of the measurement. The increase of the fluorescence decay time does not depend on the particular point chosen to extract the times: behaviours obtained when extracting the times after which the intensity for the fluorescence drops by a factor of 2 and 20 are qualitatively comparable to the one shown in Fig. 3b . Overall, the results obtained for nanocrystals deposited directly on glass substrate indicate clearly that this approach leads to a structure which is extremely unstable and strongly influenced by the surroundings. This huge sensitivity of the optical properties such as fluorescence emission energy as well as fluorescence decay upon the environment essentially excludes the possibility to carry out systematic studies of structures composed, for instance of the CdTe nanocrystals and metallic nanoparticles, as it would certainly be quite difficult to separate the influence of factors such as atmosphere or humidity from the ones associated with plasmon excitations in metallic nanoparticles.
It has been shown recently [13] that placing delicate protein complexes in polymer matrices significantly improves their photostability and allows for systematic studies of the optical properties thereof. We apply this approach to CdTe nanocrystals by diluting stock solutions of the nanocrystals in PVA and spin-coating a drop of the resulting mixture onto a glass substrate. In Fig. 4 we show fluorescence decay curves measured for ten different places on such prepared samples. In all cases the timetraces are almost identical, essentially overlapping each other, in contrast to the results obtained for CdTe nanocrystals deposited directly onto a glass substrate. For CdTe nanocrystals embedded in a PVA matrix we also do not observe any dependence of the fluorescence decay as a function of time. We conclude that embedding emitters, in this case semiconductor nanocrystals in polymer matrix significantly improves photostability as well as homogeneity of the sample. It is intuitive to attribute this dramatic positive change to the effect of protection of the nanocrystals from the surrounding by the polymer coating. 
Interaction with metallic nanoparticles
In order to investigate the influence of plasmon excitations in metallic nanoparticles on the optical properties of CdTe nanocrystals we prepared the samples, in which we changed the relative concentration of nanocrystals versus metallic nanoparticles, while keeping the total volume constant. The following solutions of nanocrystals in gold nanoparticles were studied: 10 µl:45 µl, 5 µl:50 µl, and 2 µl:53 µl.
Fluorescence spectra of the mixtures feature no significant shift of the maximum wavelength and at the same time we observe changes in the intensity. The important limitation however in analysing the intensities of hybrid nanostructure mixtures is related to possible fluctuations of concentrations, which may lead to misinterpretation of the results. One possibility to overcome this issue is to carry out experiments on a single molecule level [7, 14] .
In Fig. 5a we show the fluorescence decay curves measured for the mixture comprising 10 µl of CdTe nanocrystals and 45 µl of Au nanoparticles. Similarly, as in the case of pure nanocrystal solution, all timetraces are very similar to each other, which points once again at much better overall quality of samples prepared by spin-coating a polymer layer. The high homogeneity of the sample where two types of nanostructures are mixed together is surprising to some degree, although clearly positive. Since plasmon interactions strongly depend on particular geometry, the number of metallic nanoparticles surrounding a nanocrystal and their respective distance, one would expect larger variations in observed behaviour. Nevertheless, the result in Fig. 5a is important as it shows that conclusions based on a "single spot" experiment of such prepared sample are generally valid.
The influence of plasmon excitations in metallic nanoparticles present in the solution is clear when we compare fluorescence decay curves measured for three mixtures, with changing CdTe to Au nanoparticles ratio, as shown in Fig. 5b . With increasing concentration of Au nanoparticles the number of emitting nanocrystals decreases as a result of fluorescence quenching due to coupling with plasmon resonances. As a result, the fluorescence decay time is getting shorter, as observed in Fig. 5b . The strong coupling with metallic nanoparticles originates from a large overlap of the fluorescence spectrum of the nanocrystals with the plasmon resonance. It would be interesting to study the spectral dependence of plasmon-induced effects in a greater detail. 
Conclusions
Fluorescence spectroscopy studies were carried out on CdTe semiconductor nanocrystals deposited directly onto a glass substrate. We found that under such conditions the emission of nanocrystals is unstable and highly inhomogeneous. In addition, the fluorescence decay characteristics changes during the experiment. In contrast, embedding the nanocrystals in a polymer matrix leads to significant improvement of the fluorescence stability of the nanocrystals. When diluted in aqueous solutions of gold nanoparticles, the nanocrystals feature substantial quenching of fluorescence due to efficient energy transfer to Au particles.
